Abstract-Switched excitation is a convenient alternative to high frequency linear power amplifiers for multi-channel array systems. Unfortunately, switched mode excitation signals often contain harmonics that are undesirable in applications such as coded harmonic imaging. Harmonics can be reduced in switched excitation with the addition of intermediary voltage levels and careful control of switching timing. This work discusses two, three, five and nine level switched mode excitations suitable for Linear Frequency Modulated (LFM) coded excitation. Simulations in MATLAB compare two LFM signals with a central frequency 0.5 MHz, duration of 100 μ μ μs and bandwidths of 25% and 100% to an ideal 'analogue' case. Simulated results shows harmonic cancellation in the switched mode signals. For the nine level case, all harmonics below the 11th are cancelled. Experimental measurements are also obtained using the UARP system loaded with a 0.5 MHz transducer. Experimental results show cancellation of harmonics to −40 dB below the fundamental, however an increase in the third harmonic is apparent when comparing nine levels to five levels. To further verify harmonic reduction, calculations of the Total Harmonic Distortion are provided for each switched mode excitation up to the ninth harmonic.
I. INTRODUCTION
The excitation system for ultrasound applications with the least harmonic distortion is an analogue excitation signal generated by a high frequency linear power amplifier in conjunction with an arbitrary waveform generator. This setup ensures excitation signal integrity and minimised harmonic distortion. The cost and size of such systems however is undesirable, especially when multiple channels are required, as in the case of ultrasound array imaging.
Switched mode excitation offers an alternative to the conventional linear power amplifier setup. Fixed voltage levels and high frequency MOSFET devices generate 'square' or 'staircase' waveforms, most often of sinusoidal form. Switched mode systems are advantageous due to their small scale, high current and high voltage capability. A disadvantage of switched excitation is the significant harmonic content inherent within the signals. These harmonics can result in a number of dissatisfactory phenomena including pressure wave distortion, energy reduction at the fundamental frequency and additional lobes in the transmitted pressure field [1] .
Harmonic content in the excitation signal can also impact on imaging modalities; particularly harmonic imaging. Imaging using the second harmonic is a well established technique benefiting from increased resolution, reduced artifact sensitivity and improved image quality when compared to fundamental mode [2] . More recently, imaging using one or more higher harmonics (e.g. third, fourth or fifth) has been proposed [3] . Combining higher order harmonics can further improve axial resolution beyond the second harmonic whilst maintaining Signal-to-Noise Ratio (SNR) and is referred to as 'super harmonic imaging'.
Issues surrounding harmonic and super harmonic techniques include insufficient transducer bandwidth, transmission of unwanted excitation harmonics and the low SNR of the received harmonics [4] . The SNR of the received harmonics can be improved using coded excitation signals and pulse compression [5] , [6] , [7] .
A popular choice of coded excitation for ultrasound are Linear Frequency Modulated (LFM) signals [8] . LFM signals can be generated using multi-level switched excitation circuits as demonstrated previously [9] . Multi-level switched excitation circuits can improve coded excitation [9] and reduce harmonic content [10] . This paper discusses switched mode LFM signals for use in coded harmonic imaging with arrays; a particularly demanding application requiring excitation signals with low levels of harmonic distortion and the use of multiple channels.
II. LFM EXCITATION
LFM signals and matched filtering techniques are commonly used in a wide range of applications to improve SNR of the received signals such as in [11] and [12] . An LFM signal can be expressed for time t as
where f 0 is the central frequency, T is the pulse duration, B is the bandwidth and t is defined from
The instantaneous frequency f i of LFM signals increases linearly with respect to time. The instantaneous frequency of the LFM signal (1) can be calculated by taking the derivative of the phase
Often, the complex LFM signal described in (1) is windowed in the time domain using an envelope function a (t), resulting in the excitation signal, μ (t).
Windowing the signal in the time domain reduces sidelobes in the filtered response and increases dynamic range [8] . A theoretical analysis of a wide range of appropriate window functions can be found in [13] .
III. SWITCHED MODE EXCITATION
In its simplest form, only two voltage levels are necessary for switched excitation. A disadvantage of switched mode methods, particularly with a small number of voltage levels (e.g. two or three) is the high harmonic content, as the resulting square wave is a poor approximation of a sinusoidal waveform. In two level excitation, harmonic content cannot be reduced, however the use of three level excitation permits a choice of switching instant. This choice, provided by the additional levels, can be exploited to reduce the harmonic content of the signal as demonstrated by Tang and Clement [10] . An additional benefit of multi-level switched mode excitation is that it enables windowing of the excitation sequence in the time domain as described in (3) and discussed in more detail in [9] .
When switching is performed using MOSFET devices, the number of MOSFETs required N = N + 1 where N is the number of discrete levels. The additional MOSFET is required as two devices are necessary to realise the zero volt level. Advances in integrated circuits specifically targeted at ultrasound medical imaging, combines a number of high voltage MOSFET switches packaged into a single low cost device. This facilitates the design of circuits with multiple levels as shown in Figure 1 .
IV. SIMULATED PERFORMANCE OF SWITCHED MODE LFM SIGNALS
Simulations in MATLAB (Mathworks Inc., Natick, MA, USA) of switched mode LFM signals demonstrate the correlation between increasing the number of voltage levels and harmonic cancellation. Figure 2 shows switched mode LFM signals as described in (1) of f 0 =0.5 MHz, T =100 μs and B=0.125 MHz (25% bandwidth). These parameters were chosen so that the harmonics were separate and distinct, and to maximise the ratio of sampling frequency to center frequency in the experimental observations (presented in the next section). To clarify, only a subsection of the excitation signal has been shown in each time domain plot so that the number of levels can be visualised. The excitation spectrum for the two level case in Figure 2 demonstrates the most harmonic content, with a third harmonic −16 dB below the fundamental, a fifth harmonic at −23 dB, a seventh harmonic at −27 dB and a ninth harmonic at −30 dB. In the simulated cases, the additional levels provide both harmonic cancellation and reduction of the harmonics that are still present. It can be seen that nine level excitation reduces harmonic content to below −60 dB up to the wide bandwidth eleventh harmonic centered around 5.5 MHz.
When B is increased to 0.5 MHZ (100% bandwidth), the harmonics overlap as shown in Figure 3 . Simulated results show a decrease in the overall harmonic noise floor from −20 dB in the two level case to −35 dB in the nine level case. This is also seen in the analogue simulation, however the eleventh harmonic is not present.
V. EXPERIMENTALLY MEASURED PERFORMANCE OF SWITCHED MODE LFM SIGNALS
Simulations of harmonic cancellation were validated with experimental measurements. Switched mode LFM signals of two, three, five and nine levels were generated using the University of Leeds, Ultrasound Array Research Platform (UARP) [14] . A single channel was loaded with a piston-type transducer (IDHF0.58R, 1.0 inch diameter, NDT Systems Inc. Huntington Beach, CA) and transducer loaded LFM excitation signals were captured with a LeCroy Waverunner 64Xi digital oscilloscope (LeCroy Corporation, Chestnut Ridge, NY, USA).
A. Experimental Waveforms
Figures 4 and 5 show the experimentally measured time domain waveforms and spectra for the 25% and 100% bandwidth cases respectively. Both figures confirm harmonic cancellation as a result of increasing the number of switching levels, with harmonics being suppressed to −40 dB in the 25% bandwidth case, and −30 dB in the 100% bandwidth case.
Also evident in the figures however is a rise in the third harmonic (3f 0 at 1.5 MHz) in the nine level case when compared with the five level case. This is unexpected when compared with simulation.
B. Total Harmonic Distortion
In order to further demonstrate the overall reduction in harmonic content, the Total Harmonic Distortion (THD) has been calculated for each of the experimentally measured LFM signals where THD is defined as
and V n is the voltage level corresponding to the n-th harmonic.
Because of the bandwidth of the LFM signals, values for V n have been chosen at integer multiples of f 0 . THD results up to n=9 are displayed in Table I . Results show that the use of a wider bandwidth signal increases THD as a result of overlapping harmonics, however THD decreases when additional levels are included. Multi-level switched mode LFM signals with reduced harmonic content are presented for use in coded excitation. By introducing multiple switching levels and with careful choice of switching time, a direct relationship between the number of switching levels and harmonic cancellation can be exploited.
Simulations of two, three, five, and nine level excitations are compared with an ideal analogue sinewave to simulate the expected output from a linear power amplifier and arbitrary waveform generator. Simulations of LFM signals with 25% and 100% show suppression of harmonics to −60 dB levels with systematic cancellation of odd harmonics with increasing number of excitation voltage levels. These results have been confirmed with experimental measurements using the MOS-FET based transmitter of the UARP system.
Experiments show reduction of harmonics, to below −40 dB, however when nine levels are used there is an increase in the level of the third harmonic. The authors believe this occurs in the nine level case because of inaccuracies in switching due to time sampling of the excitation control system. These inaccuracies become increasingly significant as more levels are included, leading to an increased number of voltage transitions. In order to verify whether the increase in the third harmonic compromises harmonic reduction the THD of each LFM signal was evaluated. THD results confirm that additional switching levels reduce harmonic power.
The proposed excitation is targeted towards harmonic imaging applications using array systems consisting of multiple channels. In these applications, high frequency linear power amplifer based systems are unsuitable due to their size, complexity and cost. Switched mode systems provide a practical alternative.
